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Feature-tracking myocardial strain 
in healthy adults- a magnetic 
resonance study at 3.0 tesla
Kenneth Mangion  1,2, Nicole M. M. Burke1, Christie McComb1,3, David Carrick2, 
Rosemary Woodward1 & Colin Berry1,2
We analyzed feature-tracking derived circumferential and longitudinal strain in healthy volunteers who 
underwent cardiac magnetic resonance imaging (CMR) at 3.0 T. 88 healthy adults (44.6 ± 18.0 years 
old, 49% male), without prior cardiovascular disease, underwent CMR at 3.0 T including cine, and late 
gadolinium enhancement in subjects >45 years. LV functional analysis and feature-tracking strain 
analyses were carried out. Global strain had better reproducibility than segmental strain. There was a 
sex specific difference global longitudinal strain (mean ± SD, −18.48 ± 3.65% (male), −21.91 ± 3.01% 
(female), p < 0.001), but not global circumferential strain (mean ± SD, −25.41 ± 4.50% (male), 
−27.94 ± 3.48% (female), p = 0.643). There was no association of strain with ageing after accounting 
for sex for both global longitudinal and circumferential strain. Feature-tracking strain analysis is feasible 
at 3.0 T. Healthy female volunteers demonstrated higher magnitudes of global longitudinal strain when 
compared to male counterparts. Whilst global cine-strain has good reproducibility, segmental strain 
does not.
One of the most important components of a clinical imaging study is the assessment of left ventricular (LV) 
pump function. The LV ejection fraction (LVEF) is the difference between LV end-diastolic and systolic volumes, 
divided by the LV end-diastolic volume, hence myocardial contractibility is not directly assessed. Whilst echocar-
diography is the standard of care, cardiovascular magnetic resonance (CMR) is regarded as the gold-standard for 
LV functional assessment1. The LVEF can be within normal reference ranges in a number of pathological states, 
which might otherwise have abnormal peak systolic strain values, i.e. identify sub-clinical LV dysfunction. The 
LVEF cannot be used to provide a detailed assessment of cardiac mechanics due to the complex architectural 
arrangement of myofibers in circumferential and longitudinal directions. Strain is described as local shortening, 
thickening and lengthening of the myocardium as a measure of regional and global LV function2. Circumferential 
and longitudinal strain are denoted as negative magnitudes of strain to reflect shortening, whilst radial strain is 
positive as it reflects myocardial thickening3.
Feature-tracking is a technique which has gained traction since being described by Hor et al., in 20114, and has 
resulted in the assessment of myocardial strain from routinely acquired cine imaging sequences in a myriad of 
pathologies5–10. The estimation of strain is reasonably quick11. Feature-tracking algorithms are designed to focus 
on border displacement, with a stronger weighing of endocardial deformation explaining some of the differences 
in results found in direct comparisons of feature-tracking and other strain modalities12,13. Feature-tracking uses 
optical flow14 to track myocardial borders, by tracking a number of points using both 1D and 2D techniques 
through the cardiac cycle4. Feature-tracking has been clinically validated against tagging13–16.
There has been an increase in clinical cardiac MR imaging performed at 3.0T17. There are a number of advan-
tages to utilizing 3.0 T MR scanners, notably an increase in signal-to-noise ratio, and image resolution18,19. 
Schuster et al.20 reported that intra-observer variability in cine-strain assessment with feature-tracking at 3.0 T is 
similar to that observer at 1.5 T. However, balanced steady state free precession imaging is more likely to experi-
ence artifact related to the high magnetic field21 and feature-tracking reference ranges for healthy volunteers at 
3.0 T are currently unavailable with clinically approved (for example, Food and Drug Administration approved) 
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feature-tracking software. A recent meta-analysis22 on cine-strain has reported there has been one publication 
looking at strain using an investigational tissue-tracking software in healthy Chinese volunteers23.
There is an increasing body of evidence of the incremental utility of strain in patients with dilated cardiomy-
opathy24, post myocardial infarction10,25, and congenital heart disease5. Health volunteer reference ranges are 
required to identify minor reductions in strain parameters when conventional parameters of function, such as the 
LV ejection fraction are unchanged15,26,27.
We aimed to assess circumferential and longitudinal myocardial strain utilizing feature-tracking at 3.0 T in 
healthy volunteers to provide reference ranges and to investigate the influence of age and sex on strain. We did not 
investigate radial strain due to reported inferior reproducibility15,28,29.
Results
Characteristics of The Study Participants. The characteristics of the participants (n = 88) and their LV 
mass and function are presented in Table 1.
Inter-observer Analysis. All cine imaging was of diagnostic quality. Global longitudinal strain had excellent 
reproducibility both with inter- and intra-observer analyses and strong positive correlations. Global circumferen-
tial strain had excellent reproducibility, as identified by the intra-class correlation co-efficient and strong positive 
correlations (Fig. 1). Segmental longitudinal strain analyses had a higher bias than global strain analyses, with 
lower intra-class correlation co-efficient for both intra- and inter-observer analyses. Correlations between repro-
ducibility analyses for segmental longitudinal strain were moderately strong (Table 2). Segmental circumferential 
strain reproducibility analyses revealed higher biases than global circumferential strain parameters, with a lower 
intra-class correlation co-efficient, and a lower correlation strength (Fig. 2, Table 2).
Myocardial Strain. Feature-tracking circumferential and longitudinal strain was analyzable for all 
participants.
The influence of sex on myocardial contractility. Female patients had higher magnitudes of global longitudinal 
strain (Female: −21.91 ± 3.01%, Male: −18.48 ± 3.65%, p = < 0.001, Table 3, Fig. 3). There was a similar trend, 
with higher magnitudes of strain for females, for all long axis views (LV outflow tract, p < 0.001, Vertical long axis, 
p = 0.002, Horizontal long axis, p = 0.088).
There was no significant difference in global circumferential strain between participants (Female: 
−27.9 ± 3.48%, Male: −25.41 ± 4.50%, p = 0.643, Table 4, Fig. 4).
Strain and healthy ageing. Both global circumferential (R = −0.12), and longitudinal strain (R = −0.17) had a 
poor negative correlation with healthy ageing We carried out linear regression analyses accounting for the effect 
of sex as well as age. There was no association between global circumferential or longitudinal strain and ageing, 
after accounting for gender (Table 5).
Discussion
We have investigated the feature-tracking derived circumferential and longitudinal strain in a large sample of 
healthy volunteers at 3.0 T utilizing commercially available feature-tracking software. The main findings of this 
study are that:
 (1) Global circumferential and longitudinal strain have good reproducibility, unlike segmental strain.
 (2) There is a gender specific difference in magnitudes of longitudinal but not circumferential strain.
 (3) There are no changes in magnitudes of strain with healthy ageing.
A number of studies have assessed reproducibility of feature-tracking derived strain, in healthy volunteers20,30 
and in patients31. There is concern that unlike global strain31, segmental strain derived with feature-tracking is 
not yet ready for clinical use because of poor reproducibility2,13,27. In our study, we identified that inter-observer 
Characteristic
Age (years)* 44.6 ± 18.0
Sex (Male) n (%) 43 (49)
Height (cm)* 170 ± 10
Weight (kg)* 75.8 ± 15.0
Body mass index, kgm−2 26 ± 4
Body surface area (m2)* 1.87 ± 0.21
Imaging parameters
LVEF (%) 63.6 ± 5.2
LVEDV index (mL/m2) 70.1 ± 11.3
LVESV index (mL/m2) 25.8 ± 6.6
LV mass index (g/m2) 40.4 ± 9.7
Table 1. Characteristics of the healthy volunteers (n = 88). *Mean ± SD. LVEF: Left ventricle ejection fraction; 
LVESV: Left ventricle end-diastolic volume; LVESV: Left ventricle end-systolic volume.
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analyses of segmental strain yielded moderate (ICC = 0.66, segmental circumferential strain) and good 
(ICC = 0.77 segmental longitudinal strain) reproducibility as assessed by intra-class correlation co-efficient, 
associated with a significant mean bias and standard deviations, in keeping with what has been previously 
reported2,13,27. This has important implications when it comes to choosing the strain modality to be used in stud-
ies investigating regional myocardial biomechanics.
Comparing our values with the literature, we report higher circumferential strain values when compared with 
healthy volunteer values at 1.5 T (−17 to −25%)15,26,28,32, and at 3.0 T (−21.9% to −22.6%)23 whilst longitudinal 
strain values are broadly similar (−19 to −21%)15,23,26,28,32. In keeping with previous studies carried out on small 
numbers of participants (n < 35)13,20,33 we report segmental strain has significant variability, with high standard 
deviations.
In our study we identified that females generate larger magnitudes of longitudinal strain, whilst the observed 
difference in circumferential strain between different genders was not statistically significant. This result is in 
keeping with other studies using feature-tracking to look at healthy volunteers. Augustine et al.15 (n = 145, 37% 
Figure 1. Bland-Altman plots for global strain.
Intra-observer variability Inter-observer variability
Mean Bias ± SD ICC p-value Correlation R Mean Bias ± SD ICC p-value Correlation R
Global circumferential strain 0.27 ± 0.84 0.98 <0.001 0.95 0.04 ± 1.80 0.92 <0.001 0.79
Segmental circumferential strain 2.66 ± 11.34 0.78 <0.001 0.65 1.94 ± 12.91 0.66 <0.001 0.60
Global longitudinal strain −0.05 ± 0.43 0.95 <0.001 0.94 0.04 ± 1.43 0.92 <0.001 0.99
Segmental longitudinal strain −1.45 ± 10.03 0.88 <0.001 0.68 1.63 ± 13.14 0.77 <0.001 0.62
Table 2. Reproducibility of feature-tracking analysis. ICC: intra-class correlation co-efficient. ‘A sample size of 
10 participants was taken per variable.
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male), and Taylor et al.26 (n = 100, 50% male) reported that circumferential strain was not associated with sex, 
whilst André et al.32 (n = 150, 50% male) and Liu et al.23 (n = 130, 46% male), identified a statistically significant 
difference in circumferential strain between the sexes, with females having larger magnitudes of strain There was 
a significant difference in longitudinal strain magnitudes between sexes in our study in keeping with Liu et al.23, 
Augustine et al.15, Taylor et al.26 and André et al.32. This difference. The difference in strain magnitudes could be 
partly attributed to the gender specific difference in myocardial volumes34 which would imply that greater myo-
cardial shortening would be required to generate similar cardiac output between sexes.
In our study, we did not observe a relationship between feature-tracking strain and ageing. Looking to the 
literature, André32 using feature-tracking, Oxenham35 using tagging, and Neizel36 using strain-encoded CMR did 
not identify any association between age and strain. Taylor26 reported an age related increase in circumferential 
but not longitudinal strain, but no information was provided on the potential associations with sex. Kuznetsova 
et al.37 using echocardiography in 236 healthy volunteers reported an inverse association between longitudinal 
strain and age.
In conclusion, we have described circumferential and longitudinal strain at 3.0 Tesla in a reasonably large sam-
ple of healthy adults across a broad age range with feature-tracking software. We have observed that longitudinal 
and circumferential strains varied in a regional distribution with higher strain values in the anterior and lateral 
LV territories. Longitudinal strain values were higher in females than in males. There was no age related difference 
in strain after accounting for age.
Methods
Study Population. The UK Research Ethics Service (ethics reference 11/AL/0190) approved the study, all of 
the participants provided written informed consent and all studies were performed in accordance with relevant 
guidelines38. Healthy volunteers aged at least 18 years with no prior medical history (including cardiovascular 
health problems, medication or systemic illness) were invited to participate by placing advertisements in public 
buildings (e.g. hospital, university). The other exclusion criteria included standard contraindications to MR (e.g. 
Figure 2. Bland-Altman plots for segmental strain.
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metallic implants and metallic foreign body) and known or suspected pregnancy. Written informed consent was 
subsequently obtained from prospective participants. A 12-lead electrocardiogram (ECG) was obtained in all 
subjects and a normal ECG was an inclusion criterion. Patient characteristics were recorded.
MR Acquisition. Participants underwent an MRI scans at 3.0 T (MAGNETOM Verio, Siemens Healthcare, 
Erlangen, Germany) in a university research center. Images were acquired using an anterior phased-array body 
coil (16-element) and a posterior phased-array spine coil (24-element).
Male (n = 43) Female (n = 45)
p valueMean value ± Standard deviation
Global Strain −18.48 ±3.65 −21.91 ±3.01 <0.001
Horizontal Long Axis −18.58 ±5.06 −20.48 ±5.26 0.088
Segment 3 −19.64 ±8.95 −17.15 ±9.74 0.215
Segment 9 −14.67 ±10.23 −12.10 ±8.50 0.204
Segment 14 −19.95 ±9.98 −21.74 ±12.72 0.464
Segment 12 −13.63 ±8.82 −16.09 ±10.26 0.232
Segment 10 −13.99 ±13.62 −20.78 ±13.90 0.023
Segment 6 −25.96 ±13.22 −30.12 ±13.85 0.155
LVOT −18.32 ±6.12 −21.62 ±4.92 <0.001
Segment 5 −21.34 ±15.26 −33.95 ±13.33 <0.001
Segment 11 −12.04 ±10.29 −15.45 ±10.52 0.131
Segment 16 −20.09 ±12.10 −18.46 ±12.43 0.538
Segment 14 −18.78 ±11.81 −20.54 ±12.05 0.493
Segment 08 −17.96 ±11.42 −26.11 ±13.43 0.003
Segment 02 −24.49 ±11.04 −24.39 ±13.12 0.969
Vertical Long Axis −18.55 ±4.62 −21.90 ±5.12 0.002
Segment 4 −18.88 ±8.69 −22.65 ±10.70 0.074
Segment 10 −9.54 ±10.12 −11.33 ±12.45 0.463
Segment 15 −24.64 ±11.13 −26.42 ±13.81 0.508
Segment 13 −25.84 ±15.51 −26.09 ±15.19 0.938
Segment 7 −18.16 ±13.29 −24.70 ±14.99 0.033
Segment 1 −15.02 ±11.48 −18.35 ±10.49 0.161
Table 3. Feature-tracking derived longitudinal strain. Values are presented as mean ± standard deviation. 
Segments are based on the American heart association 16-segment model. LVOT- left ventricular outflow tract 
view.
Figure 3. Sex differences in global longitudinal strain assessed by cardiac magnetic resonance feature-tracking 
analysis.
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Male (n = 43) Female (n = 45)
p valueMean value ± Standard deviation
Global Circumferential strain −25.41 ±4.50 −27.94 ±3.48 0.643
Basal slice −27.75 ±5.13 −31.93 ±3.97 0.495
Segment 1 −23.21 ±9.93 −30.31 ±10.43 0.491
Segment 2 −25.24 ±14.92 −24.84 ±10.51 0.165
Segment 3 −25.44 ±8.56 −23.84 ±10.15 0.404
Segment 4 −20.75 ±11.83 −26.79 ±10.29 0.831
Segment 5 −27.35 ±10.80 −32.66 ±7.60 0.225
Segment 6 −31.34 ±10.77 −33.06 ±9.92 0.534
Mid-LV slice −27.05 ±5.77 −28.77 3.90 0.104
Segment 7 −26.66 ±10.18 −29.52 ±7.95 0.773
Segment 8 −22.88 ±8.27 −25.84 ±10.17 0.139
Segment 9 −23.26 ±9.42 −25.94 ±9.14 0.180
Segment 10 −23.74 ±7.32 −26.13 ±9.20 0.183
Segment 11 −23.50 ±7.51 −26.53 ±7.90 0.069
Segment 12 −22.22 ±7.56 −23.37 ±9.11 0.522
Apical slice −31.25 ±6.94 −35.00 ±6.50 0.011
Segment 13 −28.19 ±12.08 −28.12 12.35 0.994
Segment 14 −26.37 ±11.31 −30.62 ±12.26 0.097
Segment 15 −28.68 ±11.31 −33.59 ±10.96 0.058
Segment 16 −27.75 ±11.25 −28.62 ±13.77 0.748
Table 4. Feature-tracking derived circumferential strain. Values are presented as mean ± standard deviation. 
Segments are based on the American heart association 16-segment model.
Figure 4. Sex differences in global circumferential strain assessed by cardiac magnetic resonance feature-
tracking analysis.
B 95% CI p value
Global circumferential strain
Age −0.02 −0.06 to 0.03 0.540
Sex 2.52 0.82 to 4.23 0.004
Global longitudinal strain
Age −0.04 −0.75 to 0.01 0.084
Sex 3.42 2.01 to 4.82 <0.001
Table 5. Associations of strain, sex and age. CI- confidence intervals.
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MR protocol. LV dimensions were assessed using b-SSFP cinematographic breath-hold sequences. Typical 
imaging parameters are as shown in Table 6. The heart was imaged in multiple parallel short-axis planes 7-mm 
thick separated by 3 mm gaps, as well as in the 2-chamber, 3-chamber, and 4-chamber long-axis views.
Participants over 45 years of age had their renal function checked and if the estimated glomerular filtration 
rate (eGFR) was > 30 mls/min/1.73 m2 gadolinium contrast was administered (0.15 mmol/kg per bolus of gado-
linium diethyltriaminepenta -acetic acid (Gd-DTPA, Magnevist, Bayer Healthcare). Late gadolinium enhance-
ment images covering the entire LV were acquired 10–15 minutes after intravenous contrast agent administration 
using segmented phase-sensitive inversion recovery (PSIR) turbo fast low-angle shot sequence.
Image Analysis. Data sets were anonymised to ensure operators were blinded to all other data. The absence 
of late gadolinium enhancement (myocardial fibrosis or scar) was determined qualitatively by visual assessment 
by D.C. (>3 years CMR experience) and C.B. (>10 years CMR experience). The absence of myocardial late gad-
olinium enhancement was another requirement for inclusion of the data in this analysis.
LV mass and function were analyzed in randomly ordered, de-identified scans by CMR-trained cardiolo-
gists using computer-assisted planimetry (Syngo MR®, Siemens Healthcare, Erlangen, Germany) as previously 
described27.
Feature-tracking analysis. 3 long-axis (horizontal long axis, vertical long axis, and left ventricular outflow 
tract views) and 3 short-axis (basal, mid-LV, apical) slices were chosen per each volunteer. The mid-left ventricu-
lar short axis slice was chosen as the equidistant slice between the mitral valve plane and the LV apex.
The LV was segmented using the anterior right ventricular-LV insertion point as the reference point. Diogenes 
CMR feature-tracking software (TomTec Imaging Systems, Germany) was used to quantify strain from short axis 
cine images at mid-left ventricular level. The operators derived strain following a standard protocol taught by the 
software manufacturer15,39.
To minimise observer bias, 10 datasets were identified at random and coded using a different code sequence to 
the main dataset, which was disclosed after the analysis was performed, a week apart by 2 analysts.
Statistical Analysis. Statistical analysis was performed using SPSS software (SPSS Inc, Chicago, IL, USA, 
version 22), R V.2.15 or higher (R Foundation for Statistical Computing, Vienna, Austria). Normality was tested 
using the Shapiro-Wilk test. Continuous variables were expressed as mean ± standard deviation (SD). Student’s 
t-test was used to compare means. Linear regression was used to investigate the association of age and sex with 
strain. Inter- and intra- observer reproducibility was assessed using Bland-Altman statistics, intra-class correla-
tion co-efficient and Pearson correlation.
A p-value of <0.05 was considered statistically significant.
Disclosures. The University of Glasgow holds a research agreement with Siemens Healthcare.
References
 1. Epstein, F. H. MRI of left ventricular function. J. Nucl. Cardiol. Off. Publ. Am. Soc. Nucl. Cardiol. 14, 729–744 (2007).
 2. Smiseth, O. A., Torp, H., Opdahl, A., Haugaa, K. H. & Urheim, S. Myocardial strain imaging: how useful is it in clinical decision 
making? Eur. Heart J. 37, 1196–1207 (2016).
 3. Sengupta, P. P. & Narula, J. Cardiac Strain as a Universal Biomarker. JACC Cardiovasc. Imaging 7, 534–536 (2014).
 4. Hor, K. N. et al. Magnetic Resonance Derived Myocardial Strain Assessment Using Feature Tracking. JoVE J. Vis. Exp. e2356–e2356, 
https://doi.org/10.3791/2356 (2011).
 5. Dardeer, A. M., Hudsmith, L., Wesolowski, R., Clift, P. & Steeds, R. P. The potential role of feature tracking in adult congenital heart 
disease: advantages and disadvantages in measuring myocardial deformation by cardiovascular magnetic resonance. J. Congenit. 
Cardiol. 2 (2018).
 6. Barreiro-Pérez, M. et al. Left ventricular global myocardial strain assessment comparing the reproducibility of four commercially 
available CMR-feature tracking algorithms. Eur. Radiol. 1–11, https://doi.org/10.1007/s00330-018-5538-4 (2018).
 7. Schuster, A. et al. Cardiovascular magnetic resonance feature-tracking assessment of myocardial mechanics: Intervendor agreement 
and considerations regarding reproducibility. Clin. Radiol. 70, 989–998 (2015).
 8. Pedrizzetti, G., Claus, P., Kilner, P. J. & Nagel, E. Principles of cardiovascular magnetic resonance feature tracking and 
echocardiographic speckle tracking for informed clinical use. J. Cardiovasc. Magn. Reson. 18, 51 (2016).
 9. Rutherford, E. et al. Defining myocardial tissue abnormalities in end-stage renal failure with cardiac magnetic resonance imaging 
using native T1 mapping. Kidney Int, https://doi.org/10.1016/j.kint.2016.06.014.
b-SSFP 3.0 Tesla
TR (ms) 40.6
TE (ms) 1.5
FoV (mm) 340
Flip Angle (degree) 50
Slice Thickness (mm) 7
Resolution (mm) 256 × 256
Bandwidth (Hz/pixel) 977
segments per cardiac frame 16
Shimming method manual
Table 6. Typical imaging parameters, at 3.0 T MR field strength. TR: repetition time (ms); TE: echo time (ms); 
FoV: field of view (mm).
8Scientific RepoRts |          (2019) 9:3239  | https://doi.org/10.1038/s41598-019-39807-w
www.nature.com/scientificreportswww.nature.com/scientificreports/
 10. Mangion, K., McComb, C., Auger, D. A., Epstein, F. H. & Berry, C. Magnetic Resonance Imaging of Myocardial Strain After Acute 
ST-Segment–Elevation Myocardial Infarction. Circ. Cardiovasc. Imaging 10, e006498 (2017).
 11. Khan, J. N. et al. Comparison of cardiovascular magnetic resonance feature tracking and tagging for the assessment of left ventricular 
systolic strain in acute myocardial infarction. Eur. J. Radiol. 84, 840–848 (2015).
 12. Mangion, K. et al. A Novel Method for Estimating Myocardial Strain: Assessment of Deformation Tracking Against Reference 
Magnetic Resonance Methods in Healthy Volunteers. Sci. Rep. 6, 38774 (2016).
 13. Wu, L. et al. Feature tracking compared with tissue tagging measurements of segmental strain by cardiovascular magnetic resonance. 
J. Cardiovasc. Magn. Reson. 16, 10 (2014).
 14. Hor, K. N. et al. Magnetic Resonance Derived Myocardial Strain Assessment Using Feature Tracking. J. Vis. Exp. JoVE. https://doi.
org/10.3791/2356 (2011).
 15. Augustine, D. et al. Global and regional left ventricular myocardial deformation measures by magnetic resonance feature tracking 
in healthy volunteers: comparison with tagging and relevance of gender. J. Cardiovasc. Magn. Reson. 15, 8 (2013).
 16. Harrild, D. M. et al. Comparison of cardiac MRI tissue tracking and myocardial tagging for assessment of regional ventricular strain. 
Int. J. Cardiovasc. Imaging 28, 2009–2018 (2012).
 17. Oshinski, J. N., Delfino, J. G., Sharma, P., Gharib, A. M. & Pettigrew, R. I. Cardiovascular magnetic resonance at 3.0T: Current state 
of the art. J. Cardiovasc. Magn. Reson. 12, 55 (2010).
 18. Wieben, O., Francois, C. & Reeder, S. B. Cardiac MRI of ischemic heart disease at 3T: Potential and challenges. Eur. J. Radiol. 65, 
15–28 (2008).
 19. Rajiah, P. & Bolen, M. A. Cardiovascular MR Imaging at 3 T: Opportunities, Challenges, and Solutions. RadioGraphics 34, 
1612–1635 (2014).
 20. Schuster, A. et al. The intra-observer reproducibility of cardiovascular magnetic resonance myocardial feature tracking strain 
assessment is independent of field strength. Eur. J. Radiol. 82, 296–301 (2013).
 21. Hudsmith, L. E. et al. Determination of cardiac volumes and mass with FLASH and SSFP cine sequences at 1.5 vs. 3 Tesla: a 
validation study. J. Magn. Reson. Imaging JMRI 24, 312–318 (2006).
 22. Vo, H. Q., Marwick, T. H. & Negishi, K. MRI-Derived Myocardial Strain Measures in Normal Subjects. JACC Cardiovasc. Imaging 
2245, https://doi.org/10.1016/j.jcmg.2016.12.025 (2017).
 23. Liu, H. et al. Distribution pattern of left-ventricular myocardial strain analyzed by a cine MRI based deformation registration 
algorithm in healthy Chinese volunteers. Sci. Rep. 7, 45314 (2017).
 24. Buss, S. J. et al. Assessment of myocardial deformation with cardiac magnetic resonance strain imaging improves risk stratification 
in patients with dilated cardiomyopathy. Eur. Heart J. - Cardiovasc. Imaging jeu181, https://doi.org/10.1093/ehjci/jeu181 (2014).
 25. Eitel, I. et al. Cardiac Magnetic Resonance Myocardial Feature Tracking for Optimized Prediction of Cardiovascular Events 
Following Myocardial Infarction. JACC Cardiovasc. Imaging, https://doi.org/10.1016/j.jcmg.2017.11.034 (2018).
 26. Taylor, R. J. et al. Myocardial strain measurement with feature-tracking cardiovascular magnetic resonance: normal values. Eur 
Heart J Cardiovasc Imaging jev006, https://doi.org/10.1093/ehjci/jev006 (2015).
 27. Mangion, K. et al. Myocardial strain in healthy adults across a broadage range as revealed by cardiac magnetic resonance imaging at 
1.5 and 3.0T: Associations of myocardial strain with myocardial region, age, and sex. J. Magn. Reson. Imaging n/a-n/a, https://doi.
org/10.1002/jmri.25280 (2016).
 28. Morton, G. et al. Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking. J. Cardiovasc. Magn. 
Reson. 14, 43 (2012).
 29. Claus, P., Omar, A. M. S., Pedrizzetti, G., Sengupta, P. P. & Nagel, E. Tissue Tracking Technology for Assessing Cardiac Mechanics: 
Principles, Normal Values, and Clinical Applications. JACC Cardiovasc. Imaging 8, 1444–1460 (2015).
 30. Keller, E. J. et al. The consistency of myocardial strain derived from heart deformation analysis. Int. J. Cardiovasc. Imaging 1–9, 
https://doi.org/10.1007/s10554-017-1090-6 (2017).
 31. Singh, A. et al. Intertechnique agreement and interstudy reproducibility of strain and diastolic strain rate at 1.5 and 3 tesla: A 
comparison of feature-tracking and tagging in patients with aortic stenosis. J. Magn. Reson. Imaging 41, 1129–1137 (2015).
 32. André, F. et al. Age- and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature 
tracking. J. Cardiovasc. Magn. Reson. 17, 1–14 (2015).
 33. Schuster, A. et al. Cardiovascular magnetic resonance myocardial feature tracking detects quantitative wall motion during 
dobutamine stress. J. Cardiovasc. Magn. Reson. 13, 58 (2011).
 34. Petersen, S. E. et al. Reference ranges for cardiac structure and function using cardiovascular magnetic resonance (CMR) in 
Caucasians from the UK Biobank population cohort. J. Cardiovasc. Magn. Reson. 19, 18 (2017).
 35. Oxenham, H. C. et al. Age-related changes in myocardial relaxation using three-dimensional tagged magnetic resonance imaging. 
J. Cardiovasc. Magn. Reson. Off. J. Soc. Cardiovasc. Magn. Reson. 5, 421–430 (2003).
 36. Neizel, M. et al. Strain-encoded (SENC) magnetic resonance imaging to evaluate regional heterogeneity of myocardial strain in 
healthy volunteers: Comparison with conventional tagging. J. Magn. Reson. Imaging JMRI 29, 99–105 (2009).
 37. Kuznetsova, T. et al. Left ventricular strain and strain rate in a general population. Eur. Heart J. 29, 2014–2023 (2008).
 38. Kramer, C. M., Barkhausen, J., Flamm, S. D., Kim, R. J. & Nagel, E. Standardized cardiovascular magnetic resonance imaging (CMR) 
protocols, society for cardiovascular magnetic resonance: board of trustees task force on standardized protocols. J. Cardiovasc. 
Magn. Reson. 10, 35 (2008).
 39. Hor, K. N. et al. Comparison of Magnetic Resonance Feature Tracking for Strain Calculation With Harmonic Phase Imaging 
Analysis. JACC Cardiovasc. Imaging 3, 144–151 (2010).
Acknowledgements
This research was supported by Project Grants from the Chief Scientist Office (SC01), Medical Research Scotland 
(343 FRG) and the British Heart Foundation (BHF-PG/14/64/31043). Dr Mangion is supported by a Fellowship 
from the British Heart Foundation (FS/15/54/31639). Professor Berry is supported by a Senior Clinical Fellowship 
from the Scottish Funding Council.
Author Contributions
K.M., C.B. made substantial contributions to conception and design. K.M., C.M., D.C., R.W. made substantial 
contributions to acquisition of data; K.M., N.M.M.B., C.M., C.B. made substantial contributions to the analysis 
and interpretation of data; K.M., N.M.M.B., C.M., C.B. drafted the article; K.M., N.M.M.B., C.B., C.M., R.W., 
D.C. were involved in revising it critically for important intellectual content; All authors gave final approval of the 
version to be submitted and any revised version.
Additional Information
Competing Interests: The authors declare no competing interests.
9Scientific RepoRts |          (2019) 9:3239  | https://doi.org/10.1038/s41598-019-39807-w
www.nature.com/scientificreportswww.nature.com/scientificreports/
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
